Optimal defense theory predicts that induction of defensive secondary metabolites in plants will be inversely correlated with constitutive expression of those compounds. Here, we asked whether camalexin, an important defense against fungal and bacterial pathogens, support this prediction in structured natural populations of Arabidopsis thaliana from the Iberian Peninsula. In common garden experiments, we found that genotypes from the VIE population constitutively hyper-accumulated camalexin. Camalexin concentrations were not induced significantly when plants were exposed to a temperature of 10
Introduction
Because of their stationary existence, plants experience a very broad range of environmental stresses ranging from large diurnal and seasonal temperature fluctuations to attack by herbivores and pathogens. Plants respond to these environmental stresses with complex sets of defenses that are coordinated in part by the activity of three important hormones: jasmonic acid, abscisic acid, and salicylic acid (SA) [1] . Much of what is known about these hormones has come from the study of agricultural crops [1, 2] . How these hormones are expressed and coordinated with defense in natural populations remains largely unknown and is an important area of current study [3] .
Plant allocation to a chemical defense can be partitioned into a constitutive level and an induction response [4] . The constitutive level is the amount of the defense that plants express under normal environmental conditions, whereas the induction response is the amount of additional allocation to defense produced in response to an environmental signal associated with a greater need for defense.
Optimal defense theory [5] predicts that populations that experience more attack would express greater constitutive allocation to defense, whereas populations that face infrequent attack are predicted to have lower constitutive levels, owing to the associated costs, but greater allocation to induced expression [6] . As a consequence, the theory predicts that induction responses are negatively correlated with constitutive concentrations of these same plant defenses. Despite a number of studies that have assessed the relationship between constitutive and induced resistance (reviewed in [4] ), the relationship remains unclear. These relationships have been challenging to address because the genetic basis of constitutive variation in defense among genotypes has not been identified.
SA is critical for plant resistance to pathogens [1] and has been shown previously to increase in response to cold temperatures in Arabidopsis thaliana [7, 8] and to regulate thermal responses in the family Araceae [9] . SA levels increase strongly in response to damage by bacterial pathogens [1] . In some plants, including Arabidopsis thaliana, the downstream responses to bacterial infection also include production of additional aromatic compounds, such as phytoalexins, which provide defense for plants infected by pathogenic fungi and bacteria.
Camalexin, 3-thiazole-2-yl-indole, is one of the principle phytoalexins produced in Arabidopsis thaliana [10] [11] [12] . Camalexin accumulation is known to inhibit the growth of virulent strains of Pseudomonas syringae [10] . Exogenous purified camalexin also inhibited the growth of a fungus, Botrytis cinerea, in a dosedependent manner [13] . Because camalexin is found typically in plants under attack by pathogens, it is often used as an indicator of plant pathogen-induced stress. To date, there is only one welldocumented example of constitutive production of camalexin in natural populations [14] . In that case, some wild lines of Arabidopsis thaliana possess a hyperactive allele of the Accelerated Cell Death 6 (ACD6) gene, which triggers immune system responses even in the absence of enemies. ACD6 encodes an ankyrin-repeat protein that is an important component of plant resistance to bacterial infection [15, 16] . Little is currently known about the geographic distribution of the natural alleles of this gene [14] . Arabidopsis thaliana, hereafter "Arabidopsis," provides a particularly strong system for addressing the role of secondary compounds in plant tolerance of environmental stress, owing to the primary representation of the single phytoalexin, camalexin, and the extensive worldwide sampling of genotypes of this species across elevational gradients. It also has well-established interactions with pathogenic bacteria in the genus Pseudomonas, including a number of wild strains that are collectively identified as P. syringae [17, 18] . Because Pseudomonas bacteria travel throughout the global hydrological cycle, including as the nuclei of snowflakes, they disperse across the full latitudinal and elevational range of plant populations [19] .
Here, we conducted three experiments addressing relationships between constitutive and induced levels of camalexin in natural populations of Arabidopsis thaliana from the Iberian Peninsula. In the first experiment, we studied leaf camalexin response to a cold treatment. In the second and third experiments, we examined the effects of high constitutive concentrations of camalexin on bacterial growth and the induction of camalexin following bacterial infection, respectively. Specifically, we asked the following four questions: (1) Do leaf concentrations of camalexin increase following plant exposure to a cold treatment? (2) Do the high constitutive leaf camalexin levels present in the VIE population correlate with decreased growth of the virulent bacterial pathogen, Pseudomonas syringae pv. tomato DC3000? (3) Do genotypes with the highest constitutive concentrations of camalexin have the lowest induction responses, as predicted by optimal defense theory? (4) Does natural genetic variation at the ACD6 locus [14] explain the observed variation among genotypes in leaf constitutive camalexin concentration?
Materials and methods

Arabidopsis material and growth conditions
We focus on a collection of four Arabidopsis populations on the Iberian Peninsula that have been characterized extensively elsewhere [20] [21] [22] [23] [24] . Seeds were originally collected from the Northeastern Iberian Peninsula in Spain (Supplemental Fig. S1 ) and subsequently propagated by single seed descent for three generations in the Tonsor lab. These stocks are publically available at the Arabidopsis Biological Resource Center of Ohio State University (ABRC CS#78884). Genomic analyses show that these Arabidopsis populations have a history of genetic isolation from populations elsewhere on the Iberian Peninsula [20, 23] .
Four structured populations, each containing eight or nine maternal lines, were chosen for this study. The climate characteristics of these four populations are shown in Table 1 . Seeds were surface sterilized and planted with 10-15 seeds per cell onto 36-cell flats filled with Promix-BX potting soil. Flats were placed in a 4 • C cold room for 1 week of cold stratification. Flats were then moved from the cold room to a large walk-in environmentally controlled room at the University of Pittsburgh with a constant temperature of 20 • C and a 14 h day length with light levels of 350 mol m −2 s −1 provided by a 1:1 mixture of sodium and metal halide lamps. Flats were thinned to three seedlings per cell at seven days past germination. Flats were then subdivided and each cell was assigned to a specific treatment and then completely randomized and redistributed across the growth room bench. Plants were moved at least once per week within the growth chamber to reduce positional effects.
Pseudomonas syringae pv. tomato DC3000 growth conditions
Pseudomonas syringae pv. tomato DC3000 (hereafter referred to as "Pst DC3000") is a primary model bacterial pathogen for use with A. thaliana [25] . To generate the inoculation solution, we streaked bacteria on King's B medium [26] containing 50 g/l rifampicin and transferred a single colony to 50 ml of liquid media with 50 g/l rifampicin, which was shaken in an incubator for 24 h at 28 • C [27] . An aliquot of 5 ml was then transferred to a fresh 45 ml of liquid media with 50 g/l rifampicin and was shaken in an incubator for 4 h at 28 • C to achieve mid-logarithmic stage growth, and then spun for 5 min at 3000 rpm to obtain a pellet. The pellet was resuspended in 1 ml of 10 mM MgSO 4 , vortexed, measured for bacterial concentration by spectrophotometry and diluted to the inoculation concentration of 1 × 10 5 cfu/ml.
Experimental treatments
In the first experiment, we asked whether the Arabidopsis populations differed in SA and camalexin concentrations and whether these compounds were induced in response to a cold treatment. To do this, we used two plants of each of the 34 genotypes, for a total of 68 plants. We grew them for 30d and then divided them into two groups. One group was assigned to be cold treated and was placed in an equivalent room with the same light levels, but with an average room temperature of 10 • C for 48 h. Control plants were handled in a manner equivalent to the cold treated plants, but were placed in the normal temperature room at 20 • C for 48 h. At the 48 h mark, we excised the rosette of each plant at the base and immediately flash froze the material in liquid nitrogen. The harvest of the cold treatment plants was conducted in the 10 • C room to ensure that plants did not receive a different temperature at harvest. Plant material was then measured for SA and camalexin concentrations (Table S1) as described below.
To assess whether the study populations differed in resistance to the growth of a bacterial pathogen, we conducted a second experiment in which we challenged plants with Pseudomonas syringae pv. tomato DC3000, hereafter "Pst DC3000", which is the most widely used strain for bioassays with Arabidopsis [25] . To assess the effects of both "population" and "genotype within population", we included six replicates of each of eight or nine genotypes for each of the four populations for a total of 216 plants (Table S2) . On Day 30 of growth, plants were brought to the lab and three largest leaves on each plant were injected with 0.1 ml of the inoculation solution of 1 × 10 5 PstDC3000 by blunt syringe, using a standard method [17] . The bacterial titer of one randomly selected leaf per plant on two plants per genotype was measured on the fourth day after infection. To measure titers, a disk was removed by hole-punch, surface-sterilized in 70% ethanol for 2 s, dried with a sterile paper towel, and ground in an Eppendorf tube containing 200 l of 10 mM MgSO 4 buffer. The homogenate was diluted by 1:1000 and by 1:100,000 in buffer. A 50 l aliquot of each dilution was then spread on plates containing King's B medium with 50 g/l rifampicin, incubated for 2d at 28 • C, and then counted by eye to determine the number of colonies. This number was multiplied by 20 to determine leaf bacterial titer [17] . Symptoms were scored on the remaining four replicates per genotype as percent of inoculated leaf tissue that was yellow or senesced at 4d post-infection.
To determine whether leaf SA and camalexin concentrations could be induced by bacterial infection, we conducted a third experiment in which we grew the full set of genotypes for each of the four populations and treated two replicate plants of each genotype with Pst DC3000, with an additional two replicate plants of each genotype as a control, for a total of 136 plants (Table S3 ). Three largest leaves on each plant were injected with 0.1 ml of 1 × 10 5 PstDC3000 solution for infection plants, while control plants were inoculated with 0.1 ml of the 10 mM MgSO 4 buffer as a mock control. After 48 h of bacterial treatment, the three inoculated leaves were harvested in liquid nitrogen, with two leaves for analysis of leaf SA and camalexin concentrations as described below and one leaf for further DNA extraction.
Measurement of leaf SA and camalexin concentrations
All leaf samples were stored in a −80 • C freezer and then lyophilized to dryness in a freeze-dryer prior to analysis. To extract and analyze leaf concentrations of SA and camalexin, we followed a standard protocol [28] that we have used successfully in previous work [29] . Approximately 6-20 mg of tissue was weighed, pulverized, and suspended in 3 ml of 90% methanol. Samples with less than 5 mg of tissue available were excluded. A total of 3 samples in the cold experiment and 14 samples in bacterial infection experiment did not reach the tissue requirement threshold for analysis. We added an internal control of 1 g of O-anisic acid (Sigma # 169978) to each sample tube (100 l of a 10 g/ml solution in 100% methanol), vortexed to resuspend the tissue, and rocked the tubes in a shaker at room temperature for 24 h. We then transferred the liquid to a new tube, resuspended the pellet in 3 ml of 100% methanol, vortexed, rocked the tubes again for 24 h, and combined the supernatant fractions.
Because SA exists in plants in two forms, we then split each sample. The first aliquot was used to measure free SA, and the second was used to measure total SA, which includes the large portion of SA that is conjugated to sugar (SA O-␤-glucoside). Camalexin is present in a single form and thus could be quantified in both sets of samples. We split each sample in equal volumes into two screwcap tubes and placed the tubes in a fume hood until dry (roughly 24 h later). The aliquot for measurement of total SA received 40 U of ␤-glucosidase enzyme (Sigma # 0395) in 400 l of 100 mM sodium acetate buffer (pH 5.5) which cleaves the sugar from SA glucoside, thus providing an estimate of total SA present in the sample (free plus glucosideconjugated). The other aliquot received the 400 l of buffer but no enzyme. All samples were incubated overnight at 37 • C and then all received 400 l of 10% trichloroacetic acid. All samples were then partitioned twice with 1 ml of an organic extraction solvent (100:99:1 of ethylacetate:cyclopentane:2-propanol), vortexing each time before collecting the two organic phase fractions in a centrifuge tube. We then placed the tubes in a fume hood until dry (24-48 h). We resuspended samples in 600 l of 55% methanol, vortexed, and placed samples in a rocker overnight. We centrifuged samples at 5000 rpm for 15 min, transferred the supernatant to 0.2 m nylon spin-prep membrane filters (Fisher #07-200-389), and centrifuged at 14,000 rpm for 5 min. Concentrations of SA were then measured by high performance liquid chromatography (HPLC) on an HP1100 system with a 4.6 mm × 150 mm Agilent Eclipse XDB C-18 column and fluorescence detector (excitation at 301 nm and emission at 412 nm for SA, excitation at 301 nm and emission at 386 nm for camalexin, excitation at 301 nm and emission at 365 nm for O-anisic acid). Solvent flow was 1 ml/min, beginning with 30% of 100% methanol and 70% of 0.5% acetic acid for 5 min, increasing to 40% methanol at 7.5 min and 60% methanol at 15 min, returning to 30% methanol at 18 min. Concentrations (g/g leaf dry mass) of free SA, total SA, and camalexin were calculated as the peak area of each compound divided by the product of the peak area of the O-anisic acid internal standard and sample mass ( Supplementary  Fig. S2 ).
Determination of allelic variation at the ACD6 locus (At4g14400)
DNA was obtained from frozen leaf tissue ground in liquid nitrogen with a pestle in a 1.5 ml tube. DNA was extracted using a DNeasy a 52 • C annealing temperature was used. The Est-1-like allele possesses an XmnI restriction site in the middle of the target amplification region. Therefore, to distinguish between the two alleles, PCR products were cut for 1.5 h at 37 • C with XmnI restriction enzyme (New England BioLabs #R0194). PCR products were run on a 1% agarose gel with 0.5 g/mL ethidium bromide and visualized on a Gel Doc EQ system. Finally, to assess nucleotide differences at two critical codons in the coding region of ACD6, we sequenced PCR products from four genotypes from the VIE population (Lines 3, 11, 12, and 20), as well as the Est-1 and Col-0 genotypes, as positive and negative controls, respectively. These sequences were then submitted to the EMBL database (Accession # HG934313-HG934318).
Statistical analysis
Leaf constitutive concentrations (C) of camalexin and SA were analyzed by nested ANOVA in which the predictor variables were population and genotype, with genotypes nested within population. The induction response (R) of plants was calculated as the difference between the induced level (I) and the constitutive level (C), using the equation R = I − C. This approach was recommended as the best in a recent review [4] . T-tests were used then to determine whether R was significantly greater than zero. Statistical analyses were performed using the Minitab 16 software program. Further analysis on correlation between constitutive (C) vs. induction (R) of camalexin was validated with a permutation test in R program [4] .
Results
Under common garden conditions in the initial experiment, we found that genotypes from population VIE had hyper-accumulation of camalexin in leaves, producing roughly 20-fold more camalexin relative to genotypes from the other three populations (F 3,32 = 9.6, P < 0.001, Fig. 1 A) and about 60% more free SA (F 3,32 = 3.4, P = 0.029, Fig. 1E ). The difference in mean total SA among populations was not significant in the first experiment according to the nested ANOVA (F 3,32 = 1.0, P = 0.38, Fig. 1C , Table S1 ).
Treatment of plants with 48 h of exposure to a temperature of 10 • C had no overall effect on the induced expression of camalexin (T = −0.49, P = 0.63), total SA (T = 1.02, P = 0.32), or free SA (T = 1.47, P = 0.15). The four populations were also not detectably different in their lack of response in camalexin expression (F 3,29 = 1.8, P = 0.17, Fig. 1B) , total SA (F 3,29 = 1.1, P = 0.35, Fig. 1D ), or free SA (F 3,29 = 0.5, P = 0.66, Fig. 1F , Table S1 ).
Plants from VIE showed the most resistance to the growth of the virulent bacterial pathogen, Pst DC3000 (Fig. 2, Table S2 ). The bacterial titers in leaves of plants from the VIE population achieved a 12% lower log titer relative to the other three populations (F 3,32 = 6.2, P = 0.002, Fig. 2A ). Leaf disease symptoms were also less prevalent for genotypes from the VIE population, with plants exhibiting a 14.7% lower amount of disease symptoms in the inoculated leaf at 4 days post-infection relative to the other three populations (F 3,32 = 9.1, P < 0.001, Fig. 2B ).
Treatment of plants with 48 h of exposure to bacterial infection by Pst DC3000 (Fig. 3, Table S3 ) led to dramatic overall increases in leaf concentrations of camalexin (T = 9.4, P < 0.001, Fig. 3B ), total SA (T = 6.77, P < 0.001, Fig. 3D ), and free SA (T = 4.24, P < 0.001, Fig. 3F ). The induction responses were roughly 6-fold, 2-fold, and 1.5-fold for leaf camalexin, total SA, and free SA, respectively (Table S3 ). The mock controls showed once again that genotypes from VIE constitutively produced significantly more camalexin (F 3,30 = 33.7, P < 0.001, Fig. 3A ), relative to genotypes from the other three populations. In this experiment, constitutive expression of total SA was significantly higher in the VIE population than in the BAR and ALE populations (F 3,30 = 5.7, P = 0.003, Fig. 3C ), while free SA did not exhibit a significant effect (F 3,30 = 2.2, P = 0.10, Fig. 3E ). Among the genotypes in the VIE population, VIE-1, VIE-12, and VIE-19 had significantly higher constitutive concentrations of camalexin (F 6,35 = 56.7, P < 0.001, Fig. 4A ), total salicylic acid (F 6,13 = 12.8, P = 0.002, Fig. 4C ), and free salicylic acid (F 6,13 = 4.7, P = 0.031, Fig. 4E ) relative to the other genotypes.
Camalexin induction following bacterial infection was not predicted by constitutive levels of camalexin when genotypic averages of untransformed data were assessed (F 1,32 = 1.7, P = 0.19, Fig. 5A ). Following log transformation, there was a strong negative correlation (r = −0.86) between mean camalexin induction response and constitutive concentration (F 1,32 = 83.7, P < 0.0001, Fig. 5B ), but it is important to note that these two axes are autocorrelated and some degree of negative correlation would be expected even in the absence of an actual relationship [4] . To account for the autocorrelation, we first regressed a camalexin response value obtained from the second replicate only against the constitutive values measured on the first replicate only, for which we had data for 17 of the genotypes and here a weak, but significant, negative correlation was still observed (F 1,16 = 15.5, P = 0.001, Fig. 5C ). We also used a permutation test approach [4] and found that the observed correlation coefficient of −0.86 from the full dataset was significantly more negative than 99.5% of the possible correlation coefficients that Population differences in (A) leaf titers of Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) and (B) leaf disease symptoms from a common garden challenge of four populations of A. thaliana on the Iberian peninsula. Bacterial titers were determined at 4 days post-infection from leaves inoculated with 1 × 10 5 colony forming units (cfu) of Pst DC3000 using standard methods [18] . Symptoms were scored as percent of inoculated leaf tissue that was yellow at 4 days post-infection. Shown are means (±1 SE) for three-week-old plants representing at least eight genotypes per population. Letters indicate a significant difference among populations at P = 0.01. could be calculated from any permutation of the dataset (P = 0.0049, Fig. S4 ).
Leaf bacterial titers were negatively correlated with log transformed leaf constitutive camalexin concentration (C, F 1,28 = 4.1, P = 0.052, Fig. 6A ) and slightly more strongly with leaf induced camalexin concentration (I, F 1,31 = 5.3, P = 0.028, Fig. 6B ). Induced camalexin concentration alone explained 15.2% of the variation in leaf bacterial titers and this value was only increased to 20.9% by addition of constitutive camalexin concentration to the model.
To determine whether variation at the ACD6 locus was responsible for the observed hyper-accumulation of SA and camalexin in the VIE population, we first amplified the 3 end of the ACD6 gene including part of the 3 UTR and used a diagnostic test with the XmnI restriction enzyme, which has a binding site in the Est-1 hyper-active allele of this gene, but not in the normal Col-0 allele (Table S4 ). We found that XmnI cut the fragment from two genotypes from the BAR population (genotypes #3 and #15, Fig. S5 ), three genotypes from the HOR population (genotypes #1, 2, and 19, Fig. S6 ), and in three Est-1 positive control plants (Fig. S5) , but none from the VIE population (Fig. S5) . Three of the four populations were polymorphic at the ACD6 locus (Table 1) , indicating a substantial amount of genetic variation in these populations. Because the causal codon differences are some distance from the restriction site, we also sequenced fragments from four VIE genotypes and found that they matched the sequence of the normally functioning Col-0 allele and not the sequence of the hyper-accumulation Est-1 allele (Table 2) . Finally, we examined the published genome sequence of the VIE-0 genotype [30] and found that it has the normal Col-0 allele at the ACD6 locus. Thus the variation in camalexin expression is not directly related with the Est-1 allele variation at ACD6 locus. 
Table 2
Partial sequence from the coding region at the ACD6 locus (Chr. 4, bases 8,297,993-8,298,425) for four maternal lines from the VIE population along with sequence obtained from the Est-1 and the Col-0 accessions, as controls. The four VIE genotypes share the sequence of the Col-0 genotype at the two critical codon positions in ACD6 (underlined and highlighted), rather than that of the hyperactive Est-1 genotype [14] . These sequences are available in the EMBL database (Accession # HG934313-HG934318). Genotypic means are shown for (A) untransformed data and (B) log transformed data and were calculated from two replicate plants at two days post-inoculate with either a 1 × 10 5 cfu solution of Pst DC3000 in 10 mM MgSO4 buffer or a mock control containing only the 10 mM MgSO4 buffer. Because the y-axis is a function of the x-axis, the errors associated with these axes are not independent and a negative correlation is expected even in the absence of a tradeoff [4] . The final plot shows the response calculated only from replicate 2 and the constitutive concentration from replicate 1 for the 17 genotypes where this could be calculated. P-values are shown from least squares regression.
Discussion
Here, we asked how concentrations of the important plant defense compound, camalexin, vary in four natural populations of Arabidopsis thaliana from the Iberian Peninsula. In a series of common garden experiments, we found that genotypes from VIE constitutively expressed camalexin, whereas the other three populations did not. These findings for camalexin were robust in that they were measured in two independent large experiments that included at least eight genotypes per population. While other phenolic and indolic compounds have previously been shown to vary geographically across different populations within a species [31, 32] , leaf camalexin and SA concentrations have not been compared much at the population level [but see [33] [34] [35] . Because these compounds have important roles in plant defense against pathogens [1] , our finding of population level differences in leaf camalexin and SA concentrations may reflect important differences in the environmental stresses experienced across natural populations.
Plant defense theory predicts that induction responses of plant defenses should be negatively correlated with constitutive concentrations of these same plant defenses [6] . Given that the constitutive levels of camalexin differed considerably among genotypes and were highest in the VIE population (Fig. 3A) , the theory would predict therefore that these genotypes would have a lower induction response. We did find some support for this hypothesis using two different approaches outlined in a recent paper [4] . First, there was a significant negative correlation when the dataset was split into halves and one set of replicates was used to calculate the induction response and the other set of replicates was used to calculate the constitutive values (Fig. 5C) . Second, the observed correlation coefficient of r = −0.86 was significantly more negative than 99.5% of the possible correlation coefficients that could be generated from permutations of the dataset. These results therefore join the accumulating evidence of such tradeoffs in defense strategies within plant populations [36] .
The only described genetic basis for hyper-accumulation of camalexin in plants has been due to variation at the ACD6 locus [14] . In that case, a number of wild lines, including the Est-1 genotype, possess a defective allele for the well-known ankyrin repeat protein-encoding gene, Accelerated Cell Death 6 (ACD6). That camalexin hyper-accumulation phenotype in those lines has been conclusively linked to differences at two codons in the Est-1-like allele that trigger plant constitutive hyper-accumulation of SA and camalexin, even in the absence of enemies [14] . However, our data suggested that the Est-1 allele could not explain our leaf camalexin phenotypes. First, our restriction analysis showed that none of the genotypes from the VIE population possessed the cutting site for the XmnI restriction enzyme at the ACD6 locus, whereas the hyperactive Est-1 allele does possess the cutting site. Moreover, when we sequenced DNA at the ACD6 locus for four VIE genotypes, we found that none of them possessed the causal nucleotide polymorphisms. Finally, our assessment of the published sequence for the Vie-0 genotype [30] revealed that it also lacks the Est-1 allele at this locus. Thus, this difference in defense chemistry among the four Arabidopsis populations possesses an unknown genetic basis.
Plant defense responses are incredibly sophisticated and involve the activity of a large number of proteins, including several in the ankyrin-repeat domain class that includes ACD6 [37] and the better-known NPR1 [38] . Natural defects in these or many other proteins, such as the LRR class of R-genes, could cause genotypes in the VIE population to constitutively express camalexin. We did find five genotypes in the population set that are likely to possess the Est-1 allele at the ACD6 locus and interestingly none of these exhibited the constitutive accumulation of camalexin. This suggests that the phenotype associated with the hyperactive Est-1 allele can be Fig. 6 . Scatterplot of leaf bacterial titer (log(cfu/disk)) as a function of (A) constitutive camalexin concentration (g/g dry mass) and (B) camalexin response (I-C, g/g dry mass). Each circle represents the mean (±1 SE) of two replicate plants per genotype. Leaf bacterial titers were determined at 4 days post-infection with a 1 × 10 5 cfu solution of Pst DC3000. Induced (I) and constitutive (C) camalexin concentrations were determined in a separate experiment from plants at 2 days post-infection with a 1 × 10 5 cfu solution of Pst DC3000 in 10 mM MgSO4 buffer and a mock inoculation solution containing the 10 mM MgSO4 buffer, respectively. P-value shown from least squares regression.
masked by other variation in these genotypes. Further studies are necessary to understand the dynamics present in these structured natural populations.
While a small number of previous studies have found changes in leaf SA concentration in response to experimental manipulation of temperature [7, 8] , we did not observe any effect of our 48 h duration cold treatment of 10 • C applied at 30d of plant growth. Whether these plants would respond to a cold treatment that was applied for a longer duration or at a different developmental stage remains unknown. The VIE population does experience the coldest temperatures among the four populations studied (Table 1) , but a number of other environmental factors are likely to differ among these four sites as well, including differences in ambient levels of UV radiation. For these reasons it is not possible currently to link the population level differences that we found to any particular environmental factor. It is clear however that all four populations and 34 genotypes included in the study are capable of producing camalexin. We can conclude this because all of the genotypes responded to 48 h of infection by the virulent bacterial pathogen, Pseudomonas syringae pv. tomato DC3000 with robust and dramatic increases in leaf camalexin concentration within the 48 h period (Fig. 3B) .
Our four study populations are part of a larger published set of 17 populations collected along an elevation gradient from the Mediterranean shore into the Pyrenee Mountains [21] . In that previous study, the number of leaves at bolting was nearly identical for BAR, HOR and ALE, while VIE exhibited nearly 50% higher leaf numbers at bolting compared to the other three populations. However, the rate of leaf initiation varied clinically with the combination of life history stage and environmental conditions in that study. VIE initiated the most leaves pre-and post-vernalization, while the low altitude populations initiated substantially more leaves during the 5 • C vernalization period imposed in that study [21] . Thus, VIE differs in leaf initiation rates compared to the other study populations, but in a complex way that cannot be readily compared to the leaf initiation results reported elsewhere [14] . It appears that the elevated constitutive expression of free SA and camalexin observed in this study has a unique mechanism of genetic control compared to the genotypes assayed by Todesco et al. (2010) [14] , and may not have the same trade-offs in leaf initiation rate. The genetic basis of the observed differences between VIE and our other three populations deserves further study.
Our data suggest the possibility that natural populations of Arabidopsis thaliana vary in their constitutive expression of secondary compounds in general and possess the ability to elevate the expression of these secondary compounds to infection by the bacterium, Pseudomonas syringae pv. tomato DC3000. The climate conditions of the four populations vary in their temperature, precipitation and UV radiation. These factors together might differentially activate the defense pathway. Assay of SA and camalexin content of additional populations along an elevational gradient will be necessary to test this hypothesis. Should a general association between high elevation sites and high constitutive phytoalexin production be observed, such elevational gradient patterns may provide insight into the consequences of climate change for plant populations. Such data may be useful in understanding how plant resistance will be affected by warming climate [39] . In that case, genotypes with highest constitutive expression of these compounds, such as genotypes from VIE, could be used as natural samples with higher plant resistance for study of the correlation between particular climate variables and plant defense ability.
On the other hand, these secondary compounds, especially SA, also have significant roles on plant growth, development and other stresses tolerance [1] . The endogenous level of SA could vary depending developmental stages and environmental conditions. For this reason, comparisons should be made cautiously across plant life cycle and experimental manipulations. Moreover, constitutively expressed SA could also trade-off with plants' ability to withstand abiotic stresses like freezing or heat tolerance [40] [41] [42] . The adaptive benefits of constitutive and induced expression of SA and camalexin remain to be discovered in these natural populations on the Iberian Peninsula. The goal of future work will be therefore to establish how genetic variation structures the phenotypic variation in this unique set of natural populations.
